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Introduction
Inthepastthreedecadesthethermalnoisespectroscopywasr ecognizedasafruitfultoolof
spaceplasmadiagnostics.Itiswell-knownthatwhenapassiveele ctricantennaisimmersedintoa
stableplasma, the thermalmotion of the ambient electrons and ions pr oduces fluctuations of the
electric potential at the antenna terminals [ Rostoker, 1961; Andronov ,1966; De Passiz, 1969;
Fejer and Kan, 1969 ].  This quasi-thermal noise may be calculated if the particle  velocity
distribution function is known [ Rostoker, 1961 ]. Since the noise spectrum depends on the main
characteristics of plasma, as electron density or bulk temperatur e, the quasi-thermal noise
spectroscopy can be used for diagnostics of plasma parameters. Thi s diagnosticmethod ismost
appropriate for in situ space plasma measurements because it does not require of additional
apparatus;largescalespaceplasmaconditionsallowonetoconstruct antennaswhoseimpedanceis
verysmallascomparedwithinputimpedanceandwhosecharacteristi cscanbecalculatedwithfair
accuracy. Such antennas permit direct observation of the frequency spectrum of thermal noise.
Some examples of application of this diagnosticmethod can be found, for e xample, in [ Meyer-
Vernet,1979;Couturieretal.,1981;Kellog,1981;Meyer-VernetandPershe,1989 ].
It is alsowell known that random irregularities of electron densi ty always present in real
space plasma. Random irregularities of the Earth's ionosphere are  studied intensively and main
propertiesoftheirspatialspectrumareknown[ FejerandKelley,1980;Szuszczewicz,1986 ].These
irregularitiesconsiderablyaffectpropagationofradiowavesinspa ceplasmachangingtheirphase,
amplitude,spatialandangulardistribution[ Zabotin,BroninandZhbankov,1998 ],aswellasgroup
propagation time and pulse duration [ Bronin, Zabotin and Kovalenko, 1999 ]. Some information
about the irregularity spectra of solarwind is also availabl e [ Rickett, 1973 ]. For the purposes of
present investigation it is possible to use twin models of shape of spa tial spectrum for both
ionosphericandsolarwindirregularities.Thoughthatdoesnotrelatetoparameter softhespectra.
Irregularities substantially change properties of the medium  with relation to
electromagnetic radiation and theymay also influence quasi-th ermal noise spectrum detected by
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antenna.Whatisthepossiblephysicalmechanismof this influence? It isknown,thatfluctuations
in plasma are closely connected with plasma dissipative properties . From the viewpoint of
statisticalmechanics,randomirregularitiesinplasmamaybeunder stoodasnon-thermallargescale
(incomparisonwithcharacteristictimeandscaleofparticle motion)fluctuations.Suchfluctuations
may considerably change collision term in kinetic equation [ Klimontovich, 1982 ] and,
consequently,velocitydistributionfunction.Sincethequasi-thermalnoise spectrumisdetermined
byvelocitydistribution function, the change in distribution functionwi ll lead to change in noise
spectrum. From the viewpoint of electrodynamics, random irregulariti es change mean dielectric
properties of the medium (see, for example, [ Hagfors,1984]). It means that in the media with
randomirregularitiestherootsofdispersionequationareshiftedwithrel ationtoundisturbedvalues
and even new roots may appear. The imaginary part of these roots may also be considerably
changed due to additional non-collisional attenuation caused by scatter ing of waves in random
medium.
Development of strict theory of influence of random irregularitie s on quasi-thermal noise
spectrumisaverycomplicatedanddifficult task, involvingvariousf ieldsofelectrodynamicsand
statisticalphysics.Inthepresentpaperwewillassumet hatnoisespectrumintherandommedium
maybecalculatedusingthetensorofeffectivedielectricp ermittivity.Thistensorisdeterminedas
thedielectricpermittivitytensorofsomeimaginary"effec tive"regularmediuminwhichthefield
of point source is the same as the mean field in the corresponding r andom medium [ Ryzhov,
TamoikinandTatarskii,1965,Ryzhov1967,Ryzhov1968 ].Since effectivedielectricpermittivity
tensordeterminesthemeanfieldof thesourceinrandommediait alsodetermines the impedance
ofantenna,whichinitsturn,determinesthenoisespectrum.Ithasbee nshownalsothatcorrelation
function of electric field fluctuations in randommediummaybe ex pressed through the effective
dielectricconstanttensor[ Ryzhov,1968 ].(Itshouldbenoted,however,thatthisresultisbasedon
averaging of Kallen-Welton formula and is valid only for states near the thermal equilibrium.)
Spectrum of electrostatic noise in its turn is completely dete rmined by correlation function of
longitudinal electric field [ Meyer-Vernet and Pershe, 1989 ]. The method based on effective
dielectricconstant tensorwasused tostudy thermalnoisespect rumindielectrics [ Ryzhov,1970 ].
Weapplythisapproachtotheirregularspaceplasma.
Calculationof theeffectivedielectricpermittivity tensorof plasma is also rather complex
problem involving summation of infinite series of perturbation theory. S ome approximation is
necessary to get the tensor components in closed form. In this paper we  follow Born
approximation.
Thus, in the present paper we intend to estimate possible changes i n the thermal noise
frequencyspectruminplasmawithrandomirregularitiesrather thentodevelopcompleteandstrict
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theoryofthiseffect.InSection1ofthepaperwebrieflydiscus scalculationofthenoisespectrum
and impedanceof antenna inMaxwellianplasma (we assume that pres ence of irregularities does
not change velocity distribution function radically and it may be app roximately described by
Maxwell distribution). In Section 2 themethod of calculation of effec tive dielectric permittivity
tensor is stated. Section 3 discusses specific for given problem di fficulties in numerical
calculations.Resultsofnumericalcalculationsinapplicationtoionos phericplasmaandplasmaof
solarwindarecollectedinSection4.
1.Quasi-thermalnoisespectrumandantennaimpedan ce
Usuallythenoisevoltagespectraldensitymeasuredattheelect ricantennaterminals,which
is immersed in a plasmamay be expressed through the spatial Fourier transform of the current
distribution in the antenna and autocorrelation function of electrostatic field fluctuations in the
antennaframe[ Rostoker,1961 ].Theshotnoise,driftof theplasmaacross theantennaaswell as
someotherphenomena  alsocontribute intonoise spectra.Wedonot take t hese phenomena into
accountnow.Iftheplasmaisinthethermalequilibriumattemperature T ,whatwillbeassumedin
furtherconsideration,thevoltagespectraldensitymaybeexpre ssedthroughantennaimpedanceby
theformula[ Meyer-VernetandPershe,1989 ]:
( )ZTkV B Re42 = , (1)
where Bk isBoltzmannconstant, Z isantennaimpedanceand Re denotestherealpart.
Calculationofantennaimpedanceingeneralcaseis rathercomplexproblem.Onemusttake
into account various phenomena such as the disturba nce of trajectories of particles, collection of
electronsand ions,photoemissionand soon.The co mmonapproximation is to take into account
onlyelectronplasmaoscillations.Inthisapproxim ationonehas
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ωε  is theplasma longitudinal permittivity, )(kJ
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 is the spatial Fourier transformof
the antenna current distribution. For Maxwellian co llisionless plasma longitudinal dielectric
permittivityisgivenbythewell-knownexpression [Akhiezer,1972 ]:
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pω isplasmafrequency.
Tocalculateimpedanceoneneedstochoosethecurr entdistribution )(kJ

.Thefrequently
used model of current distribution corresponds to w ire dipole antenna [ Kuhl 1966; Kuhl 1967;
Kellog1981 ].Thegeometryofwiredipoleantennaisshownin Fig.1.Theantennaconsistsoftwo
cylinders, each of length L  and radius La << . This model may be a good approximation for
geometryofrealantennasusedforspacemissions. Theantennaparametersusedinourcalculations
areinclosecorrespondencewithrealparametersof  spacecraftantennaeusedin investigationsof
ionosphereorsolarwind(WindandKosmos-1809miss ions).
Forwiredipoleantennaonecanget [Meyer-VernetandPershe,1989;Kuhl,1966,Kellog,
1981]:
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0 ,
)(0 xJ  isBessel functionof thefirstkindand )( xSi  is integralsinus function (see, forexample,
[AbramowitzandStegun,1964 ].Tocalculatequasi-thermalelectromagneticnoise spectruminthe
plasmawithrandomirregularitiesoneshouldsubsti tutethelongitudinaldielectricpermittivityfor
regular plasma ),(|| k

ωε  by effective longitudinal dielectric permittivity ),(|| keff

ωε  [ Ryzhov,
1968].
2.Calculationofeffectivedielectricpermittivity tensor
General scheme of calculation of effective dielectr ic permittivity tensor starts from the
Dysonequationforthemeanfieldinrandommedium (see[ Rytov,KravtsovandTatarskii,1978 ]).
It may be easily found that effective dielectric pe rmittivity tensor is proportional to the Fourier
transformof themassoperator [ Ryzhov,1967 ].Taking intoaccountonly initial term in themas s
operatorseriesexpansion(whatcorrespondstoBorn approximationforthemeanfield)oneshould
obtain[ Ryzhov,1967 ]
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where ( )( )ljljimimimljB δ−εδ−ε= 00 , ),(0 kij ωε  is dielectric permittivity tensor of regular plasma,
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Inisotropicplasmaonehas
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where longitudinalpermittivity ),(|| k

ωε isdefinedbyformula(3)andtransversalpermitti vityis
determinedbytheexpression[ Akhiezeretal,1972 ]:
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At this point of our consideration we should choose  a concrete type of the irregularity
spatial spectrum )(kN

Φ . Ionospheric irregularities are described by compl ex spectrum, which
propertiesaredifferentfordifferentintervalsof wavenumbersofirregularities,butforthecertai n
intervalofwavenumbersthespectrummaybedescri bedbypowerlaw:
( ) 2/2222221)( µ−+++∝Φ zzyyxxN klklklk .
Generally the spectrum is anisotropic: irregulariti es may be strongly stretched along the
linesof forceofgeomagnetic fielddue todifferen ce in thediffusioncoefficients for longitudinal
and transversal directions. However, for simplicity  of calculations, we will use the model of
isotropicspectrum.Thissituation is lesscharacte risticof topside ionosphericplasma,butmaybe
considerednormalforsolarwindplasma.
In isotropicmediumwith isotropic irregularities t ensor of effective dielectric permittivity
has the same structure as tensor in regular media ( 5) (in other words effective medium is also
isotropic):
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For specific spectrum index =µ 4 (quite typical value both for ionospheric and for solar
windplasma)thespectrumcanbewrittenasfollows:
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where pi= 2/mLl , mL  istheouterscaleofspectrum, )(2 RDR =δ , )(RD  isstructurefunctionof
irregularities at scale length R . Substituting (10) into (8) one obtains for longit udinal effective
dielectricpermittivity:
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Internalintegrationin(11)canbedoneinanalyti calform:
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These functions turn into zero when ξ  is zero (what corresponds to limiting cases
0,,0 →∞→→ kpp or ∞→k )andprovideproperconvergenceofintegralsin(11)atbothlimits
ofintegrationover p .
Thoughonecoulduse result (11)directly,without substitutionofanalytic  expressions for
theinnerintegral,generallysuchapproachmaybenotsuccessful.T hereasonisthatintegrandsin
(11)haveseveralpeculiarities,whichwillbediscussedbelow,asw ellassignificantdependenceof
integrand on such parameters as Debye's radius, outer scale of the  irregularity spectrum,
dimensions of antenna etc. The latter difficulty, however, may be cons iderably reduced by
introductionofdimensionlessvariables.
3.Detailsofnumericalcalculations
Considerabledifficultiesundernumericalcalculationofquasi-therma lnoise spectrumand
ofeffectivedielectricpermittivitytensorusingexpressions (3)and(11)correspondinglyarecaused
by the "bad" behavior of  integrand at some special points. In both ca ses integrand contains
expressionsofoneofthefollowingkinds:
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Asanexample,inFig.2thedependenceof ||Reε (solidlines)and ||Imε (dashedlines)on
Dkr  for fourvaluesofdimensionless frequency pωω /  (=1.01;1.05;1.1;1.2)hasbeenplotted.
Functions(12)and(14)haveapeakofheight ||Im1~ ε  andwidth ||Im~ ε   (or eff||Im1~ ε  and
eff
||Im~ ε )when 0Re || =ε  or 0Re || =εeff .For pωω ~  thevaluesof  ||Im ε  areverysmallwhen
0=ε||Re andthepeakisverysharp(seeFigs.4and5). Function(13)hastwopeaksofopposite
signsattheleftandrightof thepointwhere 0Re || =ε ,andthesepeaksarealsoverysharpat the
frequencies close to plasma frequency (see Fig. 3). A usualway to calculate integralswith such
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quasi-singular integrand is to split the integration interval at t he point where the singularity
happens. Inoppositecase theresultwoulddependupon  thepositionof thepeakw ithrelation to
thegridofabscissasofintegrationrulewhichwouldbedifferent fordifferentfrequencies.Inother
words, in this case the calculated noise spectra would contain random error component due to
accumulation of inaccuracy under numerical integration. However the s plitting of integration
intervalisnotsufficientforsuccessfulintegration.Additionaldifficulties arecausedbythefactthat
therootsofequation 0Re || =ε maybefoundonlyapproximately( 15|| 10~Re −ε intheroot),while
the magnitude of ||Im ε  in the root may be several orders of magnitude smaller. To avoid t his
interference one should take into account the fact that in real plas ma some small collisional
attenuation is always present.The value of collision frequencyma ybe chosen so that inequality
|||| ImRe ε<<ε alwaysholdsinthesmallvicinityoftherootofequation 0Re || =ε .
Asithasbeennoticedaboveitisusefultointroducedimensionlessvar iablestoreducethe
dependence of numerical calculations on certain values of plasma par ameters. It is natural to
determinedimensionlessfrequency ω~ andwavenumber k~ as
ωω=ω= ~,
~
0 pkkk .(1 3)
Inthesevariableslongitudinaldielectricpermitti vity,forexample,maybewrittenas:
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dimensionlessconstant Drk0 .
Using (12) – (14), expression (11) for effective di electric constant tensor can be
transformedtothefollowingform
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9It is easy to show, that the second integral in (15) is at least  ( )20lk  times smaller than first and
sincemaybeneglected.
Integrandoffirstintegralin(15)containsfactor ( ) ( )




−+
22
0
2 ~~1~ kplkp whichalsohas
singular-likebehaviorwhen 10 >>lk .Thisproblemmaybe solvedbyappropriate substitutionof
independent variable. For example, the substitution lkkp 0tan
~
~ ϑ+=  transform integrand into
smoothfunctionwithoutsingularitiesat kp ~~ = .
WeusedBrentalgorithmforsearchingtherootsof equation 0)~,~(Re || =ωε k ;theadaptive
integration method based on Gauss-Kronrod rule was used to perform numeric integration in
expression(15).
4.Resultsofnumericalcalculations
For calculations of quasi-thermal noise spectrumwe  first chose the regular parameters of
plasmaandspectrumofirregularitiescorresponding totheionosphereF-region:plasmafrequency
piω 2p was equal to3MHz,Debye's length–5 cm; R  = 1 km, l  = pi210 /  km.Calculations
were carried out for four different values of Rδ :  3105 −⋅ , 210− , 2102 −⋅  and 2103 −⋅ . The first
valueistypicalforundisturbedmid-latitudeionos phere,thelastisobservedinpolarandequatorial
ionosphereandintheexperimentsofplasmaheating bythepowerfulHFradiowave.
Inregularplasmathespectrumhasapeakjustabov etheplasmafrequency;theshiftfrom
the plasma frequency is of order of ( )2~ LrDωδω [Meyer-Vernet and Pershe, 1989 ]. For the
chosen parameters of antenna 1<<LrD and 1<<arD .It means that noise spectrum does not
depend upon the radius of antennawire and have a s harp peak near the plasma frequency. The
dimensionlessspectra 20
2
16
V
TkB
ωεpi
 for regularplasmaand for irregularplasmawithg iven Rδ  are
plottedinFig.6.
Inpresenceofirregularitiesweobservenoticeable changeinthespectrumofquasi-thermal
noise. The peak of the spectrum in this case is spl it into two peaks. The splitting of the peak is
caused by the complication of dielectric properties  of plasma in the presence of random
irregularities.Attherelativelyhighmagnitudeso f  Rδ realpartofeffectivelongitudinaldielectric
constant has additional roots, while the contributi on of the roots existing in regular plasma is
dumpedduetoincreaseoftheimaginarypartcaused byscattering.Thedistancebetweenpeaksis
greater for greater irregularity level. Its magnitu de is small, approximately 10 – 15 KHz for
10
3105 −⋅=δR  and ~ 100 KHz for 2103 −⋅=δR . Such details of the spectrum, however, can be
detectedinexperiment.
For the solar wind plasma we chose the following parameters: pla sma frequency
202 =piω p KHz, 10=Dr km, pi= 2/10
6l km.Noticeableinfluenceofrandomirregularities on
theelectromagneticnoisespectrumtakesplaceatr elativelyhighlevelofirregularities.InFig.7t he
noisespectrumisplottedfor 22 1015,105 −− ⋅⋅=δR and 21030 −⋅ fornormalizationscalelength
510=R m. The dimensionless noise spectrum for ,1015 2−⋅=δR 21030 −⋅  and  21050 −⋅  for
normalizationscale 810=R misplottedinFig.8.  Inthecaseof solarwin dplasmaweobserve
theformationofplateauinthespectruminthevic inityofplasmafrequencyinsteadofthesplitting
ofthepeak.Thisdifferenceisexplainedbythedi fferenceinratioofDebye'slengthtowirelength
forionosphericplasmaandforsolarwindplasma.
Conclusions
Inthispaperwehaveconsideredtheinfluenceofr andomirregularitiesofelectrondensity
inisotropicplasmaonthequasi-thermalnoisespec trumusingfairlysimplemodelofirregularities.
We have found that for the small values of irregula rity level modification of noise spectrum is
negligiblysmall.However, for largervaluesof NN /∆ ,alsoquitepossible innaturalconditions,
irregularitiescausesomenoticeableeffects.Inth eionosphericplasmaitisthesplittingofthepea k
inthefrequencynoisespectrumlocatedjustabove theplasmafrequency, intotwopeaks.Though
thegapbetweenthosepeaksissmallitstillmayb edetectedinexperiment.Themagnitudeof the
gapdependsuponthevalueof NN /∆ ,whatmakespossibleusingmeasurementsofnoises pectra
forthepurposeoftheirregularitydiagnostics.In thesolarwindplasmairregularitiescausechanges
oftheshapeofthemainspectrummaximumnearthe plasmafrequencyresultinginappearanceof
theplateauunderhigherirregularitylevel.Thise ffectalsocanprovideessentialinformationabout
thesolarwindirregularities.
In this paperwe used simplifiedmodel of plasmawh ichmay be significantly improved.
The major possible improvement concerns the spectru m of irregularities. For example, in real
topside ionosphere irregularities are stretched alo ng the lines of force of geomagnetic field and
theirspectrumisanisotropic.Onecanalsotakein toaccountdriftoftheplasmaacrosstheantenna,
becausenoisespectrameasurementaredoneontheb oardofsatellitemovingthroughtheplasma.
Though the account for magnetic field is considered  to be unimportant for calculation of noise
spectruminregularplasma,inthepresenceofirre gularitiesitsinfluenceonwavepropagationmay
beimportant.
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For other kinds of space plasma, like the plasma of solar wind, the account of all these
factorsmaybeessential,firstofallbecausesuchplasmam aybeanisotropicevenintheabsenceof
external magnetic field. Besides generally it cannot be cons idered as being in the thermal
equilibrium,somoregeneralapproachtoderivingexpressionsfornoisespectramay berequired.
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Fig.2. Realandimaginarycomponentsoflongitudinaldielectricpe rmittivityofa regularplasma
atthefrequencynearplasmafrequency.Figuresatthecurvesi ndicatestheratioofwavefrequency
toplasmafrequency,correspondingtothecurve.
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